The baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV) possesses two genes, iap1 and iap2, which encode the inhibitors of apoptosis proteins (IAP). One previous work showed that transient expression of Ac-IAP1 was capable of inducing apoptosis of Sf9 cells, but others demonstrated that Ac-IAP1 had anti-apoptosis activity against apoptosis induced by HearNPV in Tn-Hi5 cells. So the function of Ac-IAP1 remained unclear. To further define the function of Ac-IAPs, we used a Bac-to-Bac baculovirus expression system to generate two recombinant baculoviruses, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp. Function analysis showed that Ac-IAP1 could induce the apoptosis process of Sf9 cells in a dose-dependent manner, even in the medium starvation mode. However, Ac-IAP2 could promote cell proliferation and the BIR2 domain in Ac-IAP2 played an important role in anti-apoptotic ability. Moreover, an insecticidal potency test showed that the larvae of Helicoverpa armigera in the AcMNPV-iap2-egfp group had a higher mortality rate (61.11%) and a lower pupation rate, although the time of death and pupation were delayed, compared with those in AcMNPV-egfp and AcMNPV-iap1-egfp groups, which confirmed that the recombinant virus AcMNPV-iap2-egfp had better insecticidal efficiency. This study confirmed the function of Ac-IAPs and developed a useful AcMNPV-iap2-egfp, which provided the experimental basis for the mechanistic analysis of Ac-IAPs and the theoretical foundation for using and modifying AcMNPV.
Introduction
Apoptosis is an important defense against virus infection, and replication of most insect viruses can induce apoptosis. To inhibit this highly conserved self-destruct process and expedite the related virus multiplication and dissemination, baculoviruses acquire auxiliary genes from the ancestral host insect to control host physiology, and the inhibitor of the apoptosis (iap) gene is one of these host homologs. [1] [2] [3] The iap genes were identied rstly in baculoviruses, Cydia pomonella granulovirus (CpGV) and Orgyia pseudotsugata multiple nucleopolyhedrovirus (OpMNPV), as these genes encoded an anti-apoptotic protein that suppressed virusinduced apoptosis of Spodoptera frugiperda 21 (Sf21) cells upon infection with a recombinant Autographa californica multiple nucleopolyhedrovirus (AcMNPV) harboring a defective p35 gene. 4, 5 Homologues of the baculovirus iap genes were subsequently detected in yeast, nematodes, insects and mammals. [6] [7] [8] Baculoviral IAPs are classied into six groups, IAP1-IAP6, according to their sequence homology.
1 However, only a subset of these IAPs function as apoptosis suppressors and the role of many other IAPs are unknown in cellular survival and differentiation. In most of the baculoviruses, IAP3 has an antiapoptosis function. [9] [10] [11] [12] [13] IAPs have 1-3 baculovirus IAP repeats (BIRs) in the N-terminal region and a RING nger domain in the C-terminal region. BIRs are unique to IAPs and consist of $70 amino acids with the signature sequence CX 2 CX 16 HX 6 C, which coordinate a zinc ion and mediate protein-protein interaction. An individual BIR domain is required for anti-apoptotic activity of IAPs. The RING nger domain functions as an E3 ubiquitin ligase, and consists of approximately 40 amino acids, including eight cysteine and histidine residues that form a binding site for two zinc ions, which promotes the transfer of ubiquitin onto selected protein targets, whereby the IAPs are involved in the proteasome-mediated degradation of target proteins. 14 The genome of AcMNPV contains two iap genes, iap1 and iap2. Ac-IAP1 and Ac-IAP2 have two well-conserved BIRs and a RING domain. BIR1 domain is more conserved than BIR2 domain across species or one species different IAPs (Fig. 1A) . 1 To disclose the role of the AcMNPV iap genes, the overexpressing vectors, pIZ/V5-iap1, pIZ/V5-iap2, and recombinant HearNPV expressing AcMNPV iap1 and iap2 were constructed and the results indicated that both AcMNPV IAP1 and IAP2 functioned independently as apoptosis inhibitors. 5 However, transient expression of Ac-IAP1 was capable of inducing apoptosis and stimulating caspase-3 protease activity in various lepidopteran and dipteran cell lines. 15 So, the function of AcIAPs remained unknown. In this study, Bac-to-Bac baculovirus expression system was used to generate two recombinant baculoviruses, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp, the effects of AcMNPV-iap1/2-egfp on Sf9 (Spodoptera frugiperda 9) cells and Helicoverpa armigera larvae were examined, and the function of BIR2 domain in Ac-IAP2 was analyzed preliminarily, which further conrmed the role of Ac-IAP1/2 during viral infection and offered experimental basis for using AcMNPViap2-egfp as a stronger insecticide and a more effective insect cell expression system.
Materials and methods

Materials
Sf9 cells, AcMNPV, AcMNPV-egfp, E. coli DH10B and pFastBac dual-egfp were maintained in our laboratory. Helicoverpa armigera eggs were purchased from Jiyuan Baiyun biotechnology Corp Ltd (Jiyuan, China). Restriction enzyme Sam I, Xho I and T4 DNA ligase enzyme were purchased from Takara Biotechnology Corp Ltd (Dalian, China). The anti-b-actin and anti-GFP antibody were purchased from Sangon Biotechnology Corp (Shanghai, China). Cell lysis buffer and BCA Protein Assay kit were purchased from Beyotime Biotechnology Corp (Jiangsu, China). Roxithromycin, vitamin C and compound vitamin B tablets were purchased from Tianjin yabao pharmaceutical technology Corp Ltd (Tianjin, China). Other chemical reagents were reagent grade and purchased from Sangon Biotech (Shanghai, China).
The composition of articial diet for Helicoverpa armigera larvae was as followed: 50 g soybean our, 75 g maize our, 20 g yeast extract powder, 2 g calcium benzoate, 10 g agar powder, 7.5 g vitamin C, 0.375 g compound vitamin B, 75 mg roxithromycin, 15 ml 36% (v/v) glacial acetic acid, 2 ml 10% (v/v) formaldehyde and 500 ml water.
Cell culture
The Sf9 cells were cultured at 27 C in serum-free insect cell culture medium (HyClone, USA). Cell cultures were prepared and maintained according to standard cell culture procedures. 16 
Construction of recombinant bacmid-iap1/2-egfp
As shown in Fig. 1B , to generate bacmid-iap1-egfp, we rst amplied the iap1 gene fragment from the AcMNPV genome and primers iap1-Sam I-F (5 0 -TACCCGGGTATGAACGAGG-ACACG-3 0 , Sam I site was marked in bold) and iap1-Xho I-R (5 0 -GCCTCGAGGCACC-ACAAATATTTTTAT-3 0 , Xho I site was marked in bold) were used in polymerase chain reaction (PCR). The PCR product was cloned between the Sam I site and Xho I site in the pFastBac dual-egfp (pFB D-egfp) vector. DNA sequences were determined using an ABI Prism 3100 DNA sequencer (Applied Biosystems). The resulting plasmid (pFB Diap1-egfp), namely, intermediate vector was transformed into the Escherichia coli strain DH10 Bac and transposed into the AcMNPV genome, followed by PCR verication with primer M13-F (5 0 -CGCCAGGGTTTTCCCAGTCACGAC-3 0 ) and M13-R (5 0 -CACACAGGAAACA GCTATGAC-3 0 ). On the other hand, the existence of gentamicin and kanamycin resistant genes in the recombinant bacmid could act as selection markers. Tandem gene iap1-egfp was inserted in the place of the polyhedron gene (located in the wide type baculovirus genome) via Tn7 transpositional recombination. The resulting bacmid was named as bacmid-iap1-egfp (Fig. 1B) . Analogously, the construction process of bacmid-iap2-egfp was primarily to generate an intermediate vector, iap2 gene was amplied from the AcMNPV genome using the primers iap2-Sam I-F (5 0 -ATCCCGGGTATGAATTTGAT GCAATTT-3 0 ,
Sam I site was marked in bold) and iap2-Xho I-R (5 0 -GGCTCGAGACTGAGGTAATG TTTCGAT-3 0 , Xho I site was marked in bold). The PCR product was inserted into pFastBac dual-egfp vector and pFB D-iap2-egfp was generated. pFB D-iap2-egfp was transposed into the AcMNPV genome and bacmid-iap2-egfp was obtained (Fig. 1B) . Ac-IAP1 and Ac-IAP2 were analyzed using soware of the EBI server (http://www.ebi.ac.uk/) and ExPASy sever (http://www.expasy.ch/tool/) for the prediction of domains and motifs (Fig. 1A) . The rst generation recombinant virus was added to freshly seeded Sf9 cells, the culture was continued and the uores-cence intensity of these cells was measured daily as above.
Generation of recombinant viruses
When there had enough intense uorescence, the cells supernate and the medium, which contained the second generation recombinant virus, were collected. In turn, we obtained the third generation recombinant virus. In this step, we got the recombinant viruses AcMNPV-iap1/2-egfp ( Fig. 1C and D) which had only BV form in the history of viral life. The foreign genes, iap1/2-egfp, were inserted in the place of the polyhedron gene in the construction process, so the ODV virus particle couldn't form in this method.
Measurement of viral titers
The optical density method was used to measure titers of virus. The action system was listed in 
Plaque assay
Sf9 cells were seeded in 6-well plates at 80% conuence, and the medium was replaced with 1 ml serum-free insect cell culture medium aer 1 h. Aer 30 min incubation at room temperature, 1 ml serially diluted AcMNPV-iap1/2-egfp, AcMNPV-egfp or AcMNPV was added to each well and incubated for 2 h at room temperature, respectively. The cells were washed once with fresh serum-free insect cell culture medium before 1.8% nutrient agarose overlay was added. Aer 4-5 d, plaques were counted and detected by uorescence microscopy in AcMNPV-iap1/2-egfp and AcMNPV-egfp treatment groups. For AcMNPV groups, 0.01% neutral red staining reagent was added in 1.8% nutrient agarose to identify plaques. Plaques were counted from 12 to 24 h post infection (h p.i.).
Western blot analysis of Ac-IAP1/2
Monolayer cultures of $6 Â 10 6 Sf9 cells in 6-well microtiter plates were infected with AcMNPV-iap1/2-egfp at 3 Â 10 10 vp ml À1 (1 MOI), respectively. Total protein of cells infected with virus was resolved on SDS-PAGE gels, transferred onto PVDF membranes (Millipore, Billerica, MA, USA) for western blot analysis, and then blocked for 1 h in blocking buffer with slow rotation on an orbital shaker. PVDF membranes were incubated with primary anti-b-actin (diluted at 1 : 2000) or anti-GFP (diluted at 1 : 2000) antibody overnight at 4 C, and were washed four times with PBST for 15 min. Blots were incubated with secondary antibody (IRDye 680LT, diluted at 1 : 20 000, licor, USA) for 1 h with slow rotation on an orbital shaker, washed four times with PBST for 15 min and then detected by ODYSSY CLx (Gene Company Limited, USA).
MTT assay
The effects of AcMNPV-iap1-egfp, AcMNPV-iap2-egfp on Sf9 cells proliferation were examined by MTT assay. This assay was based on cellular conversion of a tetrazolium salt into a formazan product that was easily detected using 96-well plate reader. Therefore, MTT assay was a simple and sensitive method to study cellular survival and cellular growth, cytotoxicity, cell attachment and apoptosis. Equivalent number of Sf9 cells was added to a 96-well microtiter plates, followed by adding the medium to give the nal volume of 100 ml. Then, cells were infected with AcMNPV, AcMNPV-iap1-egfp and AcMNPViap2-egfp for 48 h at the concentration of 0.75, 1.5, 3 and 6 Â 10 10 vp ml À1 (1.5, 3, 6, 12 MOI), respectively. Then tetrazolium salt was added to each well and further incubated for 4 h, the medium were discarded, and DMSO (100 ml) was added to each well. The absorbance at 490 nm of each well was recorded using a microplate reader (BioTek, USA). Inhibition rate was calculated according to the following equation: inhibition rate (%)
where T and C represented the mean optical density of the treated sample and the control, respectively. Experiments were performed six times and the average values AE SD were recorded.
Budded virus (BV) production in Sf9 cells
To determine the effect of Ac-IAP1/2 overexpression on progeny virus production in Sf9 cells, monolayer cultures of 3 Â 10 6 Sf9 cells in 6-well microtiter plates were infected with AcMNPV, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp for 1-4 d p.i. at a multiplicity of infection (MOI) of 0.001 (3 Â 10 3 pfu ml À1 ), respectively. Following incubation for 2 h, the virus-containing culture medium was removed and fresh medium was added. Culture medium and cells was harvested at specic time point. Cells were resuspended in PBS buffer and released the viruses by repeated freeze-thaw cycles. BV production was determined by the plaque assay.
Function analysis of BIR2 domain in Ac-IAP2
The construction process of bacmid-iap2 -BIR2(iap1) -egfp was identical to the construction of bacmid-iap2-egfp, except that the Ac-iap2 gene was replaced with its mutant iap2 -BIR2(iap1) .
iap2 -BIR2(iap1) gene was obtained by over lap extension PCR, and its BIR2 domain in iap2 was replaced by the BIR2 domain of iap1. We rst amplied the iap1 and iap2 gene fragments from the AcMNPV genome by using their respective primers, and amplied the BIR2 domain of iap1 (named B fragment) with the primers B-F ( -egfp viruses were constructed according to the previous process.
The effects of AcMNPV-iap1-egfp, AcMNPV-iap2-egfp and AcMNPV-iap2 -BIR2(iap1) -egfp on Sf9 cells proliferation were examined by MTT assay. Sf9 cells were infected with AcMNPViap1-egfp, AcMNPV-iap2-egfp and AcMNPV-iap2 -BIR2(iap1) -egfp for 48 h at the concentration of 1.5, 3 and 6 Â 10 10 vp ml À1 (3, 6, 12 MOI), respectively.
Prediction of three dimensional structure of Ac-IAP1/2 and analysis of the distribution of hydrogen bonds and electrostatic surfaces of their BIR2 domain
We obtained the amino acid sequence of Ac-IAP1/2 and their BIR2 domain in the GenBank database and SMART (Simple Modular Architecture Research Tool) database. Then, these sequences were submitted to the Swiss-Model server, 18-21 which was a fully automated protein structure homology-modelling server, to predict the three dimensional structure of Ac-IAP1/ 2, Ac-IAP2 -BIR2(iap1) and their BIR2 domain and we got the corresponding .pdb les. Finally, Swiss-PdbViewer 3.7 soware was used to compute hydrogen bond (H-bond) and electrostatic surfaces of the BIR2 domain in Ac-IAPs.
Anti-insect activity analysis
The larvae of Helicoverpa armigera, as the permissive host for AcMNPV, were used to compare the virulence of AcMNPV, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp. The larvae were reared in 24-well microtiter plates with articial diet, under the condition of 28 AE 2 C, 70-80% humidity, and natural photoperiod. The biological activity against third instar larvae of the recombinant virus AcMNPV-iap1/2-egfp was evaluated. The mortality and pupation rate for AcMNPV-iap1/2-egfp and AcMNPV-egfp treatment groups were determined by feeding of 3 rd instar larvae of Helicoverpa armigera on a piece of articial diet (27 mm 3 ) with 20 ml, 1 Â 10 7 pfu ml À1 of each viruses daily for ve days, respectively. There were 36 larvae in each treatment group. The average length, mortality and pupation of larvae were recorded daily.
Statistical analysis
For each experiment, six independent experiments were performed. Statistical signicance was assessed using t-test by using excel. Results were considered signicant for P < 0.05 and very signicant for P < 0.01.
Results and discussion
3.1 Ac-IAP1/2 and Ac-IAP2 -BIR2(iap1) were overexpressed during the infection process of AcMNPV-iap1/2-egfp and AcMNPV-iap2 -BIR2(iap1) -egfp, respectively
Since IAP1, IAP2 and Ac-IAP2 -BIR2(iap1) were fused respectively to EGFP in its N-terminal end and were transcribed driven by the late strong P10 promoter, we could monitor the expression level of Ac-IAP1, Ac-IAP2 and its mutant Ac-IAP2 
Ac-IAP1 induced apoptosis of Sf9 cells, while Ac-IAP2 promoted cell proliferation
Monolayer cultures of $5 Â 10 4 Sf9 cells in 96-well microtiter plates were infected with AcMNPV, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp for 48 h, respectively. As shown in Fig. 3A , in the AcMNPV and AcMNPV-iap1-egfp treatment groups, with the increase of concentration of viruses, the inhibition rates were increased markedly. Moreover, compared with AcMNPV treatment group, the inhibition rate was dramatically improved in a dose dependent manner in the AcMNPV-iap1-egfp treatment group, suggesting that Ac-IAP1 could induce apoptosis of host cells. In addition, to make the nutrition starvation model, Sf9 cells were treated with half quantity of medium for 24 h, and then infected with the AcMNPV and AcMNPV-iap1-egfp at the same concentrations. We found that AcMNPV-iap1-egfp could also inhibit Sf9 cells proliferation (Fig. 3B) . So, we conrmed that whether under normal growth or nutrition stress, Ac-IAP1 could induce cell apoptosis, which was consistent with the previous ndings. 22 It was speculated that Ac-IAP1 was likely to be a key factor limiting the host domain of AcMNPV.
Conversely, AcMNPV-iap2-egfp could promote the cell proliferation under the test concentrations compared with the AcMNPV treatment, which demonstrated that Ac-IAP2 could stimulate Sf9 cell proliferation (Fig. 3A) .
Ac-IAP2 promoted progeny virus production in Sf9 cells
In order to expedite multiplication, baculoviruses inhibited host cells apoptosis, which was induced by viruses DNA replication. So, we examined BV production in virus-infected cells. As shown in Fig. 4A and Table S1, † there had more BV production in the AcMNPV-infected cells compared with that in AcMNPV-iap1-egfp and AcMNPV-iap2-egfp treatment groups at 1-2 d p.i. During 3-4 d p.i., BV production in AcMNPV-iap2-egfpinfected cells was strikingly high compared with that in AcMNPV and in AcMNPV-iap1-egfp-infected cells. However, BV production in AcMNPV-iap1-egfp-infected cells was lower than that in AcMNPV-infected cells at 4 d p.i.
On the other hand, there was a relative low BV production in the medium of the AcMNPV treated group at 1-2 d p.i. In total, at 1-2 d p.i., BV production in three treatment groups was comparable. Compared to that in AcMNPV group, there was an extremely high BV production in AcMNPV-iap2-egfp overall at 4 d p.i. and a lower BV production in AcMNPV-iap1-egfp overall at 3-4 d p.i. (Fig. 4B and C) . That is, Ac-IAP2 could accelerate multiplication of progeny virus via inhibiting cell apoptosis.
AcMNPV is similar to BmNPV which possesses two inhibitors of apoptosis (IAP) proteins, Bm-IAP1 and Bm-IAP2. 23 The amino acid sequence analysis showed that Ac-IAP1 and Ac-IAP2 were extremely similar to Bm-IAP1 and Bm-IAP2, and the identity rates were up to 94.1% and 96%, respectively. Previous studies indicated that the Bm-IAP2 possessed three putative functional domains: BIR domain, BIR-like (BIRL) domain, and RING nger domain. Bm-iap2 is required for efficient viral propagation, and BIR or BIRL domain plays an important role in BmNPV infection, while the RING domain does not contribute to BmNPV propagation.
24,25 So, we speculated there was a key domain in Ac-IAP2 that determined the function of the anti-apoptotic and pro-multiplication (of progeny virus) of Ac-IAP2.
BIR2 domain in Ac-IAP2 was essential for its antiapoptotic function
We have previously dened the Ac-IAP1 and Ac-IAP2 had similar domains (Fig. 1A) , but had the opposite function (Fig. 3) . Thus, it is imperative to clarify the function of main domain in Ac-IAP1 and Ac-IAP2. Homologous sequence alignment showed that although the BIR domains of Ac-IAP1 and Ac-IAP2 had typical C 2 HC motifs, we found more lysine residues in the BIR2 domain of Ac-IAP2, while the BIR2 domain of Ac-IAP1 don't (Fig. 5A) . Notably, the lysine residues were the potential ubiquitination sites, which might related to the stability and function of Ac-IAPs. Therefore, we hypothesized that BIR2 domain was essential for the anti-apoptotic ability of Ac-IAP2. To test this hypothesis, the baculovirus AcMNPV-iap2 -BIR2(iap1) -egfp was generated ( Fig. 5B and C) . Green uorescence detection and western blot analysis showed that Ac-IAP2 -BIR2(iap1) was expressed stably and increased during 24-120 h p.i. in Sf9 cells infected with AcMNPV-iap2 -BIR2(iap1) -egfp (Fig. 2B) . MTT assay
showed that the inhibition rates were 25.99%, 30.53%, 39.23% and 34.23%, 37.81%, 43.2% respectively when Sf9 cells were infected with AcMNPV-iap1-egfp and AcMNPV-iap2 -BIR2(iap1) -egfp at 3, 6 and 12 MOI for 48 h (Fig. 5D ). Contrary to AcMNPV-iap2-egfp, AcMNPV-iap2 -BIR2(iap1) -egfp could inhibit Sf9 cells proliferation in a dose-dependent manner. And compared with AcMNPV-iap1-egfp treatment group, the inhibition rate was dramatically improved in the AcMNPV-iap2 -BIR2(iap1) -egfp treatment group. Only the BIR2 domain was different between AcMNPV-iap2-egfp and AcMNPV-iap2 -BIR2(iap1) -egfp, so we concluded that BIR2 domain was essential for the antiapoptotic ability of Ac-IAP2. Recently reports suggested that insect IAPs had the N-terminal leader, which carried the unique signal-responsive degrons initating apoptosis. The baculovirus IAPs (especially Op-IAP3) stability and potent antiapoptotic activity was because of the elimination of the N-terminal leader. Op-IAP3 preserved 6 Sf9 cells were infected with AcMNPV, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp for 1-4 d p.i. at final concentration of 3 Â 10 3 vp ml À1 (0.001 MOI), respectively. At the detection time, the cells were collected in PBS buffer and the virus was disrupted by repeated freeze-thawing. The plaque assay was used to detect the BV production in cells. (B) BV production in medium. The culture medium was also collected. The plaque assay was used to detect the BV production in medium. (C) The total number of virus particles produced by infected cells. ** means the difference is significant at the 0.01 level between the AcMNPViap1-egfp or AcMNPV-iap2-egfp and AcMNPV treatments in the t-test. its anti-apoptosis by binding to its targeted cellular IAP. 26, 27 In this study, the amino acid sequence before the BIR1 domain in Ac-IAP2 was extremely short, that is, Ac-IAP2 didn't have the N-terminal "leader", which suggested that Ac-IAP2 was likely to have the same anti-apoptotic mechanism as Op-IAP3. Of course, its RING domain also needed to have E3 ubiquitin ligase activity. Ac-IAP2 and Sf-IAP could dimerize.
Previous studies showed that RING domain of OP-IAP3 had E3 ubiquitin ligase activity, which was closely related to the proteasome degradation pathway and associated with the protein own half-life.
1 Some reports speculated OP-IAP3's halflife was extended because of the absence of its own 17 lysine residues, which might be the ubiquitination sites, so RING domain could not perform itself degradation function, and therefore OP-IAP3 was stable and had the anti-apoptotic ability. 27 According to this presumption, if the RING domain of Ac-IAP2 also had E3 ubiquitin ligase activity, the 8 lysine residues in its BIR2 domain (Fig. 5A ), which were not existed in the BIR2 domain of Ac-IAP1, were completely unable to enhance its anti-apoptotic function. Therefore, it was possible that BIR2 domain of Ac-IAP2 performed its function in another pathway that didn't depend on E3 ubiquitin ligase activity. BIR2 domain might determine the function of Ac-IAPs by changing their advanced structure. Of course, the other domains might be important for Ac-IAP2's anti-apoptotic ability. The mechanism of Ac-IAPs function was very complex, the function of the other domains in Ac-IAPs should be analyzed in future work. (Fig. 6A) . We found that the threedimensional structure simulation of the mutant Ac-IAP2
formed by the BIR2 functional domain substitution was more loose than Ac-IAP1/2 structure. So, we speculated that the BIR2 domains might affect IAPs function by inuencing the formation of their advanced structure. We further analyzed the H-bond and electrostatic surfaces of their BIR2 domain. As shown in Fig. 6B and C, we couldn't nd any roles of H-bond in the structure of . Swiss-Model server was used to predict the three dimensional structure of Ac-IAP1/2 and Ac-IAP2 -BIR2(iap1) . Ac-IAP1/2 and Ac-IAP2 -BIR2(iap1) had the high homology with 3t6p.1.A (described as baculoviral IAP repeat-containing protein 2) template in PDB database, 28 so their structures were constructed by using 3t6p.1.A model as the template, and the BIR2 domains were marked with blue. (B) Distribution analysis of H-bond in the BIR2 domain of Ac-IAP1/2. The BIR2 domain of Ac-IAP1/2 was constructed by using the 1q4q.4.A (described as apoptosis 1 inhibitor) and 4mtz.1.A (described as E3 ubiquitin-protein ligase XIAP) model as the template, respectively.
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The BIR2 domain was colored by secondary structure succession. And H-bonds were marked by the program Swiss-PdbViewer 3.7 and drawn by a black dotted line. (C) The electrostatic surface analysis of BIR2 domain in Ac-IAP1/2. Electrostatic surface is calculated by the program Swiss-PdbViewer 3.7. Different color codes are À1.8kT/e (red) and 1.8kT/e (blue) where k is the Boltzmann constant, T is the temperature in kelvin, and e is the charge of the electron. The BIR2 domain was colored by secondary structure succession. Positively charged residues were shown in blue and negatively charged in red. Fig. 7 Anti-insect activity analysis of AcMNPV-iap1/2-egfp on Helicoverpa armigera larvae. (A) Length analysis of the virus infected H. armigera larvae. Third instar larvae of H. armigera were fed with 20 ml, 1 Â 10 7 pfu ml À1 AcMNPV-egfp, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp by adding to the surface of a small piece of diet (27 mm 3 ) daily for five days, respectively. Each treatment group had 36 larvae. Control treatment consisted of uninfected larvae. The regression analysis (by SigmaPlot software) showed the relationship between the length of larvae and treatment time (d p.i.). (B) and (C) Mortality rate and pupation rate analysis, respectively. BIR2 in Ac-IAP1/2. However, the BIR2 domain of Ac-IAP1 and Ac-IAP2 had exactly the opposite surface potential, which showed that BIR2 domain was most likely to affect their function by affecting the three-dimensional conformation of Ac-IAP1/2.
Recombinant AcMNPV-iap2-egfp had high anti-insect activity
In theory, a higher cytotoxic virus would result in higher insecticidal rates, and AcMNPV-iap1-egfp might have a higher insecticidal efficiency. As shown in Fig. 7 and Tables 2-4 , compared with control treatment, the larvae in the viruses' treatment groups were growing slowly, and had higher mortality rates and lower pupation rates. Three treatments (AcMNPV-egfp, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp) were compared with each other: (1) the larva average growth rate in the AcMNPViap1-egfp treatment was faster than that in the other two groups at the early infection stage (1-6 d p.i.); (2) at the late infection stage (7-15 d p.i.), compared with AcMNPV-egfp and AcMNPViap1-egfp groups, the larva in AcMNPV-iap2-egfp group were slow growing, while the average growth rate in the other two groups was almost the same on the whole.
As shown in Fig. 7B , the average mortality rate of the larvae in the three treatment groups (AcMNPV-egfp, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp) were 52.78%, 53.13% and 61.11% respectively. Pupation rate is also one of the important indices for detecting pesticide effect, it was 47.22%, 46.88% and 38.89% in AcMNPV-egfp, AcMNPV-iap1-egfp and AcMNPV-iap2-egfp group, respectively (Fig. 7C) . Although there was a delay in the pupation and the death, the average mortality rate of AcMNPViap2-egfp group was higher than the others; the average pupation rate was also lower than the others; and the half-lethal time of the three virus-treated groups was almost the same (Table 3) , which suggested that AcMNPV-iap2-egfp had higher anti-insect activity. We hypothesized that this was due to the large a The half-lethal time of AcMNPV-iap1-egfp was marked in bold. 
